Different molecular species of cytochrome P450 (P450) are distributed between endoplasmic reticulum (microsomes) and mitochondria in animal cells. Plants and fungi have many microsomal P450s, but no mitochondrial P450 has so far been reported. To elucidate the evolutionary origin of mitochondrial P450s in animal cells, available evidence is examined, and the virtual absence of mitochondrial P450 in plants and fungi is confirmed. It is also suggested that a microsomal P450 is the ancestor of animal mitochondrial P450s. It is likely that the endoplasmic reticulum-targeting sequence at the amino-terminus of a microsomal P450 was converted to a mitochondria-targeting sequence possibly by point mutations of a few amino acid residues or by an exon-shuffling/moving event shortly after animal lineage diverged from plants and fungi in the course of evolution of eukaryotes. It is suggested that the microsome-type P450 first imported into mitochondria utilized the existing ferredoxin in the matrix to receive electrons from NADPH, retained its oxygenase activity in the mitochondria, and gradually diversified to several P450s with different substrate specificities in the course of the evolution of animals.
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Cytochrome P450 (P450, CYP) is widely distributed among eukaryotic and prokaryotic organisms, and participates in the metabolism of various important endogenous substrates and also many exogenous compounds. It is known that all P450s of extant eukaryotes and prokaryotes originated from a common ancestral form, and diversified into many molecular species having different metabolic activities in the course of evolution of living organisms.
P450 was first found in the microsomes of animal liver in 1962 (1) , and its presence in the mitochondria of adrenal cortex was discovered in 1964 (2) . Studies in the following years confirmed the distribution of different molecular species of P450 between the microsomes and the mitochondria in various animal tissues, and important functions of mitochondrial P450s in the metabolism of steroids were elucidated. However, the presence of P450 in mitochondria seems to be characteristic of animal cells. Plants and fungi have many microsomal P450s and plants have also some P450s in chloroplasts, but no mitochondrial P450 has been reported for plants and fungi (3, 4) . The peculiar existence of P450 in the mitochondria of animals must be related with its evolutionary origin.
Intracellular distribution of various soluble and membrane-bound proteins in eukaryotic cells is determined by the organelle-targeting sequences in the newly synthesized peptides. It is known that both microsomal and mitochondrial P450s in animal cells are encoded by nuclear genes, and their mRNAs are translated by cytoplasmic ribosomes. Microsomal P450s are translated by the membrane-bound ribosomes of the rough endoplasmic reticulum and integrated co-translationally into the membrane (5), whereas mitochondrial P450s are translated by the free ribosomes in the cytoplasm and the newly synthesized precursor peptides are post-translationally imported into mitochondria (6) . Comparison and analysis of the organelle-targeting sequences of microsomal and mitochondrial P450s are necessary to explore the origin of the bimodal intracellular distribution of P450s in animal cells.
Constitutions of microsomal and mitochondrial P450 enzyme systems are different. The former consists of membrane-bound P450s and NADPH-cytochrome P450 reductase in microsomes, whereas the latter consists of membrane-bound P450s in the inner membrane and a soluble P450-reducing system consisting of two components, adrenodoxin and NADPH-adrenodoxin reductase, in the matrix (7) . Evolutionary relationship of mitochondrial P450 and its reductase system is another problem to be clarified.
The organelle-targeting sequences of the P450s found in the genomes of various animals, plants, and fungi are examined in this study to confirm the presence of P450s in the mitochondria of animals, and the absence of P450 in the mitochondria of plants and fungi. Possible mechanism of the appearance of the first mitochondrial P450 in animal cells is presented and discussed. How the first P450 appeared in mitochondria obtained the supply of electrons from NADPH to retain its oxygenase activity in mitochondria is also discussed. several vertebrate animals including human. In the case of human, 50 microsomal P450s and 7 mitochondrial P450s have been identified (3) . However, no mitochondrial P450 has so far been reported for plants and fungi although many microsomal P450s were found and characterized in various plants and fungi. A few P450s have been found to be localized in the chloroplasts of some plants (810).
To investigate the subcellular distribution of P450s in animals, plants and fungi, the organelle-targeting sequences at the amino-terminus of many P450 peptides are examined. The amino acid sequences of the P450s examined were deduced from the nucleotide sequences of their genes identified by the method recently reported by Gotoh et al. (11) . We excluded possible pseudogenes and incompletely sequenced genes. It should be noted, however, that a small amount of miss-prediction of the N-terminal sequences is unavoidable by the current tools of gene prediction (11) , so that a few wrong classifications can exist in the tables shown below.
The predicted P450 genes were classified into groups, clans, families and subfamilies according to similarities in translated amino acid sequences as described previously (12) . Our results are fully consistent with the existing classifications (4, 12) in which all known mitochondrial P450s constitute a single group (group III) or clan (mito-clan). For convenience, this group/clan will be called ''G3CYP'' hereafter.
Microsomal and mitochondrial P450s have endoplasmic reticulum-targeting sequence and mitochondria-targeting sequence, respectively, at their amino-termini. The endoplasmic reticulum-targeting sequence of microsomal P450s is uncleavable type 1 signal-anchor sequence that directs the co-translational insertion of the amino-terminal portion of newly synthesized P450 peptides to the membrane of endoplasmic reticulum in the N-in C-out orientation (13) . The signal-anchor sequence spans the membrane leaving the following portion of the peptide exposed on the cytoplasmic side of endoplasmic reticulum. The mitochondria-targeting sequence directs the post-translational translocation of the nascent precursor peptides synthesized by free ribosomes into the matrix space of mitochondria across the outer and inner membranes (14, 15) . The pre-sequence of the precursor peptides of mitochondrial P450s is cleaved off in the matrix, and the mature P450 peptides are bound to the inner membrane (6) . The molecular mechanism of binding of the mature peptides of mitochondrial P450s to the inner membrane of the mitochondria is not yet clearly elucidated, but a few lines of evidence suggest the involvement of ''F-G loop'' of the P450 peptides in the membrane binding of mitochondrial P450s (16, 17) . In addition, a region encompassing A' helix might also be involved in membrane binding of some mitochondrial P450s (18) . It is noteworthy that both the F-G loop and A' helix regions are located in the distal side of the heme franking the substrate entrance channel (18) .
Comparison of the amino-terminal sequences of various microsomal P450s revealed the structural requirements for their type 1 signal-anchor sequence. As shown in Fig. 1A , the amino-terminal endoplasmic reticulum-targeting type 1 signal-anchor sequence of microsomal P450s consists of a long stretch of hydrophobic amino acids followed by a short sequence containing a few basic amino acids. Many microsomal P450s have a negatively charged amino acid near to the terminus of their peptides (CYP1A1 in Fig. 1A ), whereas some others have no negatively charged amino acid before the hydrophobic sequence. The basic sequence after the long stretch of hydrophobic amino acids, which is known to slow the movement of a polypeptide chain across the membrane (19) , is present in almost all microsomal P450s examined. The negative charge before and the positive charges after the hydrophobic sequence ensure the co-translational N-in C-out insertion of the amino terminus of the P450 peptide into the membrane of endoplasmic reticulum (20) . A unique feature of the endoplasmic reticulumtargeting sequence of microsomal P450s is the presence of a short sequence rich in proline and glycine after the basic sequence. This sequence, PG-rich sequence, whose canonical pattern is PPGPXPXPXXG, was found in all microsomal P450s examined before (21) , and was confirmed to be necessary for correct folding of newly synthesized microsomal P450 peptides (2124).
The mitochondria-targeting sequence of a mitochondrial P450 (CYP11A1 in Fig. 1B ) is a cleavable aminoterminal sequence, which consists of a long stretch of neutral or hydrophobic amino acids dotted with a few basic amino acids (14) , after which a cleavage site for the matrix processing peptidase is present (25) .
These characteristic features of the endoplasmic reticulum-targeting sequence of microsomal P450s and the mitochondria-targeting sequence of mitochondrial P450s were utilized to examine the amino-terminal sequences of the P450s of 16 animals, 5 plants and 5 fungi, and the results are shown in Tables I, II and III, respectively. When a P450 has both a type 1 signal-anchor sequence and a mitochondria-targeting sequence in the amino-terminal portion, it was classified as a microsomal P450 since endoplasmic reticulum-targeting sequence seems to predominate over mitochondria-targeting sequence as shown in the case of human microsomal CYP2U1 (Fig. 1C) . When neither microsomal nor mitochondrial targeting signal was evident near the amino terminus of a P450 sequence, its subcellular localization is assigned to be ''unclear''. Exceptionally, unclear members in plant CYP74 and CYP97 families were assumed to be chloroplastic.
All animals examined showed the presence of multiple mitochondrial P450s except for Caenorhabditis elegans that showed only one mitochondrial P450 out of the total 76 P450s (Table I) , confirming universal presence of P450 in animal mitochondria. Although most P450s that have mitochondria-targeting sequence are classified into G3CYP and vice versa, there are a few exceptions (Table I) . Some of the discrepancies are probably due to artefacts originated from inaccurate or incomplete N-terminal sequence or inaccurate prediction of subcellular localization. However, some others are probably true as exemplified by arthropod ecdysone 20-monooxygenase (CYP314A) (26) .
Presence of minor amounts of microsomal P450s in the mitochondria of animal tissues has often been reported (2732). Induction of particular microsomal P450s by chemical inducers seems to increase the amount of the induced microsome-type P450s in mitochondria (2831). Modification of the signal-anchor sequences of some microsomal P450s by various mechanisms including proteolytic cleavage, phosphorylation of some amino acid residues, etc. (33, 34) seems to be mainly responsible for the sorting of a minor portion of microsomal P450s to mitochondria in some animal tissues. However, the sorting of minor amounts of some microsomal P450s to mitochondria by these mechanisms is different from the distribution of different molecular species of P450 between endoplasmic reticulum and mitochondria, which is the subject of this article. Table IV shows the presence/absence diagram of animal G3CYP (sub)families. It is clear that vertebrate and invertebrates possess different sets of G3CYP families in general. Exceptionally, a single CYP27 family member was found in each of lancelet and sea urchin genomes. However, it would be premature to hypothesize that CYP27 is the ancestor of all vertebrate G3CYPs. Other intriguing points are the lack of CYP11B and CYP27B in birds and the lack of CYP11B and presence of a new subfamily, tentatively named CYP24B, in Xenopus tropicalis. Absence of CYP11A in Anolis carolinensis might be incidental, as other reptile (Chrysemys picta and Pelodiscus sinensis) genomes have CYP11A genes. It is also noteworthy that each fish including Latimeria chalumnae has two LottgigaCYP10A3.
Evolutionary origin of mitochondrial cytochrome P450
copies of CYP27-related (CYP27A') subfamily members in addition to ''genuine'' CYP27As that are more closely related to other vertebrate CYP27As. Examination of the P450s of five plant species (Table II) showed no sequence with mitochondrialtype N-terminus. We also found no P450 in G3CYP with sequence highly similar to known animal mitochondrial P450s, suggesting that mitochondrial P450 is virtually absent in plants. All plants examined showed the presence of a few P450s in chloroplasts; most of CYP74 and CYP97 members were predicted to be chloroplastic. The chloroplastic P450s have neither endoplasmic reticulum-targeting sequence nor mitochondria-targeting sequence in their aminoterminal portion, and have similarity with the P450s reported to be localized in the chloroplasts (810). Our assignments to chloroplastic localization were generally consistent with the results of TargetP (35), widely used software for prediction of subcellular localization of proteins. However, our results on CYP86 and CYP88 members conflict with the reported evidence (9, 10), probably because the targeting sequence that directs the insertion of P450s into the outer membrane of chloroplasts is not yet studied in detail. The chloroplastic P450s listed in Table II is tentative. Out of the five species of fungi examined, four species showed no P450 with mitochondria-type Nterminus, while Phanerochaete chrysosporium showed the presence of one P450 with mitochondrial-type Nterminus (Table III) . However, this P450 of a CYP6005 family member (36) is a fusion protein consisting of a lipoxygenase domain at the N-terminus and a P450 domain at the C-terminus. This exceptional P450 may not be regarded as a ''mitochondrial P450''. It is concluded that the fungi examined have no mitochondrial P450. However, Table III shows several P450s that have neither microsomal nor mitochondrial targeting signal. This apparent lack of targeting signal might be related to the fact that most of them belong to CYP505, 540, 541 or 6,0016,003 families at least some members of which are fused proteins. An exceptional soluble P450 of the fungus Fusarium oxysporum (Table III) is P450nor (CYP55A1) (37) , which has been found also in some other fungi (Table III) (38, 39) .
Possibility of the Conversion of the Endoplasmic Reticulum-Targeting Sequence of Microsomal P450s to a MitochondriaTargeting Sequence
Since the results shown in Tables I, II and III indicate the presence of mitochondrial P450s only in animals, we assume that P450 appeared in the mitochondria of animal cells after animal lineage diverged from fungi and plants in the course of evolution of eukaryotes. It is likely that the common ancestral eukaryote of animals, plants and fungi had only microsomal P450s, suggesting that the ancestor of mitochondrial P450s was a microsomal P450 in the ancestral eukaryote. The lengths of the peptides of microsomal P450s and those of the precursor peptides of mitochondrial P450s are almost the same; the mean value of the number of a Members in CYP74 and CYP97 are assigned to be chloroplastic when neither mitochondria-nor microsome-targeting signal is present near the N-terminus. amino acid residues of 50 human microsomal P450s is 506, while that of the precursor peptides of seven human mitochondrial P450s is 513. The similar lengths of their peptides support the concept of the common origin of these two groups of P450. The 3D structures of microsomal and mitochondrial P450 molecules analysed by X-ray crystallography showed high spatial conservation of the structural core of the proteins (40) .
Mutations of a few amino acids in the long hydrophobic stretch of the type 1 signal-anchor sequence of a microsomal P450, which replace a few hydrophobic or neutral amino acids with positively charged amino acids, will convert the endoplasmic reticulum-targeting sequence to a mitochondria-targeting sequence, resulting in the import of the mutated microsomal P450 into mitochondria. An alternative possibility is that the mitochondria-targeting signal was acquired through an exon-shuffling mechanism or an alternative transcriptional/translational initiation event. However, nearly the same lengths of microsomal P450 peptides and mitochondrial P450 precursor peptides seem to support the former possibility. In any case, the mutated microsomal P450 will be imported into the matrix compartment of mitochondria in the cell. In fact, modifications of the signal-anchor sequence of microsomal P450s to mitochondria-targeting sequence by amino acid exchanges have been reported. It was shown that two amino acid replacements, W23R and W30R, in the endoplasmic reticulum-targeting sequence of human CYP2E1 converted it to a mitochondria-targeting sequence (41) . The mitochondriatargeting sequence of the imported P450 may be cleaved off by the processing peptidase in the matrix to produce ''mature'' P450 that will bind to the inner membrane.
When a microsomal P450 was imported into mitochondria due to some mutations of its gene, the function of the imported P450 in mitochondria would have determined the fate of the mutated gene. If the mutated P450 was not functional or its presence in mitochondria was harmful to the cell, the mutated gene would have been deleted soon. If the presence of the mutated P450 in mitochondria had some beneficial effect to the cell, the mutated gene might survive in the course of evolution of the organism. As the major function of microsomal P450s is NADPH-dependent oxygenation of various endogenous and exogenous substrates, the function of the mutated microsomal P450 imported into mitochondria depended on the availability of suitable substrates and the supply of electrons from NADPH or NADH in the matrix space of mitochondria.
Electron Donors of Microsomal and Mitochondrial P450s
Most P450s require the supply of electrons from NADPH or NADH by specific electron-donating systems for the catalysis of monooxygenase reactions although some P450s utilize hydrogen peroxide in the catalysis of monooxygenase reactions. Mitochondrial P450s receive electrons from soluble NADPHcytochrome P450 reductase system consisting of adrenodoxin and NADPHadrenodoxin reductase present in the matrix, whereas microsomal P450s receive electrons from membrane-bound NADPHcytochrome P450 Members in this subfamily of T. fugu and D. rerio are named CYP27A2 and CYP27A3, respectively (62). However, the amino acid sequence identities between P450 27A2/3 and other ''genuine'' P450 27A members are around 45%, much below the threshold for commonality at the subfamily level (55%). Unnamed: no homolog that shows >40% amino acid identity was found in named P450s. e Predicted to be localized in ER.
Evolutionary origin of mitochondrial cytochrome P450 reductase in the microsomal membrane (7). Mitochondrial P450s and microsomal P450s are thus coupled with different electron-donating systems in the cell. An exceptional case is P450nor (CYP55A1) that receives electrons directly from NADH (42).
However, it was shown that some microsomal P450s could receive electrons from NADPH via adrenodoxin in reconstituted systems (43, 44) . Conversely, a mitochondrial P450 could receive electrons from microsomal NADPHcytochrome P450 reductase when it was inserted into microsomal membrane in a heterologous expression system by replacing its amino-terminal mitochondria-targeting sequence with an endoplasmic reticulum-targeting sequence of a microsomal P450 (45) . Although these two groups of P450 are dependent on different electron-donating systems for the supply of electrons for their oxygenase activities in the cell, they seem to have the ability to receive electrons from heterologous electron donors.
The yeast Saccharomyces cerevisiae has no mitochondrial P450 (Table III) , but animal mitochondrial P450s can be imported into yeast mitochondria as first shown by the expression of rat liver vitamin D3 25-hydroxylase (CYP27A) cDNA in S. cerevisiae (46) . When bovine CYP11A1 was heterologously expressed in S. cerevisiae, the precursor peptides of CYP11A1 were imported into mitochondria and processed to the mature form in the matrix (47, 48) . It was also shown that the precursor peptides of human CYP11B2 expressed in the yeast Schizosaccharomyces pombe, which has no mitochondrial P450, were imported into mitochondria, and received electrons from NAD(P)H in the mitochondria to catalyze the conversion of deoxycorticosterone to corticosterone (49) . These observations showed that an NAD(P)Hdependent P450 reducing activity is present in the matrix of the yeast mitochondria.
Saccharomyces cerevisiae was found to have a protein that showed a high sequence similarity with mammalian mitochondrial NADPH-adrenodoxin reductase (50) . It could transfer electrons from NADH or NADPH to adrenodoxin in vitro (51) . It was also found that the mitochondria of S. pombe contained a ferredoxin that could transfer electrons to human CYP11B2 as adrenodoxin does in animal mitochondria (49) . These findings suggested that the transfer of electrons from NAD(P)H to animal mitochondriatype P450s imported into yeast mitochondria can be mediated by NAD(P)H-ferredoxin reductase and a ferredoxin in the matrix.
The mitochondria of S. cerevisiae contain a ferredoxin encoded by Yah1 gene, which was found to participate in the biogenesis of Fe/S cluster for ironsulphur proteins (52) . The ferredoxin encoded by Yah1 gene seemed to correspond to adrenodoxin in animal mitochondria. However, further study discovered two ferredoxins, Fdx1 and Fdx2, in human mitochondria. Fdx1 was capable of transferring electrons to P450, while Fdx2 was functional in the biosynthesis of Fe/S cluster (53) . Accordingly, Fdx1 was proven to be adrenodoxin.
It is highly likely that the original function of ferredoxin in the mitochondria of early eukaryotes was the synthesis of Fe/S cluster for ironsulphur proteins, which was inherited from the ancestor of mitochondria, a bacterium. When the first mitochondria-type P450 appeared in an ancestral animal, the P450 imported into mitochondria was able to obtain the supply of electrons from existing ferredoxin. As the first mitochondrial P450 evolved into several forms with important physiological functions, a novel ferredoxin, which we now call adrenodoxin, was created by the duplication of the original ferredoxin gene to facilitate the electron transfer from NADPH to mitochondrial P450s. The novel mitochondrial P450 system was thus established in the course of evolution of animals.
Functional Specialization of Mitochondrial P450s
The mitochondrial P450s of vertebrates are specialized in the metabolism of cholesterol and sterol-related endogenous metabolites including vitamin D 3 (3) . Most of the mitochondrial P450s have strict substrate specificity, and do not catalyze the metabolism of fatty acids nor xenobiotic compounds as many microsomal P450s do. Steroid hormone synthesis in the adrenal gland and the gonads of vertebrate animals, which may be regarded to be a catabolic pathway of cholesterol, starts from the side chain cleavage reaction catalyzed by CYP11A (P450 SCC ), a mitochondrial P450, followed by a series of oxygenation reactions catalyzed by two mitochondrial P450s, CYP11B1 (P450 C11 ) and CYP11B2 (P450 aldo ), and three microsomal P450s (54) . On the other hand, another catabolic pathway of cholesterol, bile acid synthesis in the liver, proceeds without the cleavage of the side chain of cholesterol by the catalysis of several P450s including a mitochondrial P450, CYP27A (55) . The metabolic activation of vitamin D 3 to the active form, 1a, 25-dihydroxyvitamin D 3 , is catalyzed by two mitochondrial P450s, CYP27A and CYP27B, and also by microsomal CYP2R1, whereas the inactivation of the active form is catalyzed by mitochondrial CYP24A (56) .
The mitochondrial P450s in arthropods also participate in the metabolism of cholesterol and its metabolites, although a mitochondrial P450 (CYP12A1) of house fly was shown to catalyze the detoxification of xenobiotic compounds as well as the hydroxylation of steroids (57) . In contrast to the synthesis of steroid hormones in vertebrates, however, the side chain of cholesterol is not cleaved in the syntheses of hormonal steroids of arthropods from cholesterol. Three mitochondrial P450s (CYP302A, 314A and 315A) and two microsomal P450s catalyze the synthesis of 20-hydroxyecdysone in Drosophila melanogaster (58) . The pathways of the synthesis of steroid hormones from cholesterol by vertebrates and arthropods are clearly different. Analysis of metazoan genomes indicated independent evolution of steroidogenic P450s within each phylum of metazoans (59) .
It is an interesting question why the major functions of mitochondrial P450s are the metabolism of cholesterol and sterol-related metabolites. Cholesterol is synthesized by the enzymes of endoplasmic reticulum and stored in cytoplasmic compartments. Separation of a catabolic pathway of cholesterol from the sites of synthesis and storage to another subcellular compartment, the inner membrane of mitochondria, could be beneficial for the regulations of the homeostasis of cholesterol and the synthesis of steroid hormones. The side-chain cleavage reaction catalyzed by CYP11A in mitochondria, the first step in the biosynthesis of steroid hormones in the steroidogenic organs of vertebrates, is regulated by the supply of cholesterol from the cytoplasmic compartments to mitochondria by StAR (60) .
Phylogenic Analysis of Mitochondrial P450s
Mitochondrial P450s form a unique single branch in the P450 phylogenic tree of each animal species (4). The branch of mitochondrial P450s diverges from microsomal P450s at an early time of the evolution of P450 gene family. It is highly likely that a microsomal P450 is an ancestor of all P450s in extant eukaryotic organisms including the mitochondrial P450s of animals. Since the mitochondrial P450s of each animal species belong to a single branch, all mitochondrial P450s of animals possibly diversified from one ancestral P450 that happened to acquire mitochondria-targeting property by the mutation of the endoplasmic reticulumtargeting sequence of that microsomal P450.
Both microsomal and mitochondrial P450s of eukaryotic organisms are membrane-bound, whereas the P450s of bacteria and archaea are soluble. The peptides of soluble P450s of prokaryotic organisms are significantly shorter than those of microsomal P450s of eukaryotic organisms. Comparison of the amino acid sequences of bacterial and microsomal P450s showed that the extra amino acid residues of the latter are present at the amino-terminus of the peptides where the signal-anchor sequence responsible for the binding of the P450s to microsomal membrane resides. Conversion of a soluble bacterial P450 to a membrane-bound P450 of eukaryotes was possibly achieved by the attachment of a short hydrophobic peptide-coding segment to the 5 0 end of a bacterial P450 gene, although we have no information about the origin of the genomic segment that codes for the hydrophobic peptide attached to the amino-terminus of a soluble bacterial P450. Why the soluble P450s of a prokaryotic organism that evolved to the ancestral eukaryote did not survive in the eukaryotic cell is another unanswered question. The only soluble P450 in eukaryotes, P450nor (CYP55A1) in fungi, seems to have been obtained from a bacterium by horizontal gene transfer (37) . The fused fungal P450s that lack N-terminal targeting signals (CYP505, 540, 541 and 6,0016,003) might also be acquired by similar mechanisms.
Conclusion: Evolutionary Origin of Mitochondrial P450s
All eukaryotic organisms except for a few parasitic ones have mitochondria, whereas the presence of P450 in mitochondria seems to be restricted to animals. Since available gene sequence data support the notion that mitochondria originated from a single eubacterial ancestor only once at the earliest stage in the evolution of eukaryotes (61) , the appearance of P450 in the mitochondria of a eukaryote must have occurred at a later stage of the eukaryotes evolution, possibly soon after animal lineage diverged from fungi and plants.
Comparison of the intracellular sorting sequences of microsomal and mitochondrial P450s suggests the feasibility of the conversion of the endoplasmic reticulum-targeting sequence of a microsomal P450 to a mitochondria-targeting sequence by a few mutations of amino acids in the former sequence. When such a conversion of the intracellular sorting sequence of a microsomal P450 occurred by some mutations in the gene of a particular P450, the mutated P450 was imported into mitochondria. The imported P450 was able to receive electrons from an existing ferredoxin in the matrix space of the mitochondria to retain its oxygenase activity. If the enzymatic activity of the novel mitochondrial P450 was favourable for the metabolism of the organism, the mutated P450 survived and then gradually differentiated to several forms with different substrate specificities in the long course of the evolution of animals. In various phyla of extant animals the metabolism of cholesterol, in particular the synthesis of steroid hormones from cholesterol, is apparently the most important function of mitochondrial P450s. However, it is uncertain when this activity was acquired in the ancestors of vertebrates and arthropods, which have currently different steroidogenesis pathways. Further studies on the structures and functions of the mitochondrial P450s of various species in different phyla of animals as well as in a wider spectrum of eukaryotic lineages including protists will provide more information for the evolutionary origin of mitochondrial P450s.
